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Abstract: A platform has been developed to enable standardization 
of light sources, allowing consistent scale-up from high throughput 
screening in batch to flow, using the same pseudo-monochromatic 
light source. The impact of wavelength and light intensity on a 
photochemical reaction was evaluated within this platform, using the 
Wohl-Ziegler benzylic bromination of 4-methyl-3-
(trifluoromethyl)benzonitrile with N-bromosuccinimide as a model 
system. It was found that only 40% of the maximum light intensity was 
required whilst still maintaining reaction rate, allowing more reliable 
temperature control and lower energy consumption. The optimized 
reaction conditions were subsequently applied to a range of 
synthetically relevant (hetero)aromatic compounds under continuous 
conditions, exploring the scope of the process within a mild and 
scalable protocol. 
Introduction 
In recent years, the use of synthetic organic photochemistry 
has increased significantly. Within an industrial setting, 
photochemical methods have historically employed UV radiation 
to directly excite organic molecules.[1] However, current research 
endeavors are focusing on harnessing visible light for synthetic 
applications, and these have started to become of interest 
industrially as a viable route to pharmaceutically active 
compounds.[2] With an increasing number of domestic light 
sources available (LED/CFL technologies), an array of synthetic 
methodologies utilizing visible light have been published and 
implemented in a variety of applications, with improved selectivity 
credited to the lower energy wavelengths used.[3] However, 
despite substantial advances, light sources used by synthetic 
organic chemists in photochemical transformations still remain 
poorly understood or not considered at all, with reaction 
conditions optimized to their light source at a single power setting. 
Internally it has been found that moving to a new light source on 
up-scaling often necessitates subsequent re-optimization. 
The nature of the light source is central to the understanding 
of photochemical reactions. Light is an essential component in 
these transformations, yet sources used in synthetic applications 
are often poorly characterized broad-spectrum lamps.[4] Although 
this seemingly allows a convenient “one size fits all” solution, a 
more targeted approach is now possible with the development of 
pseudo-monochromatic light sources. This targeted approach 
allows for the in-depth development of a robust and fully optimized 
reaction protocol, particularly for the delivery of active 
pharmaceutical ingredients (APIs). Modern high power pseudo-
monochromatic LEDs offer significant benefits over other 
commonly used industrial light sources, not only in their precise 
spectral output but also in their comparatively low operating 
temperature, which is a result of enhanced efficiency.[5] This 
delivers a marked improvement upon medium-pressure mercury 
lamps, for example, which have multiple discrete emittance bands 
between 200-500 nm, leading to unwanted photochemical 
reactions. In addition, these lamps typically operate between 600-
800 °C,[6] meaning that temperature control is a significant 
challenge, with unwanted thermal side reactions often observed. 
The use of narrow band filters can restrict spectral output to the 
desired wavelength, but this can significantly reduce the 
transmittance, making the approach wasteful, particularly when 
considering the cooling required to remove excess heat from the 
lamp and/or the reaction. 
Since its first report almost a century ago, the Wohl-Ziegler 
benzylic bromination has been regularly implemented in 
synthesis.[7] The majority of applications use radical initiators, 
such as peroxides[8] or azo compounds,[9] to mediate the 
homolysis of bromine.[10] However, light is a cheap and renewable 
alternative to traditional initiation approaches, delivering a safer 
and more sustainable transformation. Consequently, the 
photochemical Wohl-Ziegler reaction is well-precedented, with 
recent studies using a range of light sources.[11] Our experience 
with this reaction using medium-pressure mercury lamps, and the 
evaluation of batch-to-batch variability within domestic light 
sources, demonstrated a need for improved understanding of the 
light source. This has prompted us to undertake a detailed 
investigation into the effect of the character of the light source on 
the Wohl-Ziegler bromination. To our knowledge, no such study 
has previously been conducted, and this has resulted in the use 
of a wide range of conditions, including the unnecessary use of 
UV irradiation, or a combination of both a radical initiator and 
irradiation.[12]  
Photochemical benzylic brominations have previously been 
demonstrated under continuous conditions,[13-14] indicating the 
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potential scalability of this protocol, and thus its industrial 
applicability.[15] When considering the development of an 
industrial process, all reaction variables must be fully understood 
to ensure consistent product yield and quality, and in a 
photochemical reaction, irradiation character is no exception. In 
this respect, the light source should be optimized to the required 
wavelength and intensity, to minimize energy consumption and 
by-product formation.[16] Tuning the output of a light source can 
bestow further advantages, particularly by reducing the cooling 
requirement of the reaction system, which can present a 
challenge on larger scales. 
Results and Discussion 
As a model for our initial studies into the photochemical 
Wohl-Ziegler reaction, we selected 4-methyl-3-
(trifluoromethyl)benzonitrile 1, a challenging, electron-poor 
benzylic bromination substrate, which has been shown to require 
prolonged heating when using a chemically initiated protocol 
(Scheme 1).[17] Moreover, this substrate is of pharmaceutical 
interest making it an appropriate example to study in detail, 
enabling the factors which affect the reaction selectivity and 
productivity to be established.  
 
 
Scheme 1. The benzylic bromination of 1, studied in this report, under 
photochemical conditions. 
In order to select the most suitable wavelength for irradiation, 
the reaction components were analyzed by UV-visible absorption 
spectroscopy in order to obtain confirmation of the photoactive 
species (Figure 1). Unsurprisingly, this revealed no absorbance 
above 350 nm for the reaction substrate 1, N-bromosuccinimide 
(NBS), or a mixture of the two. However, the absorption spectrum 
of a sample of commercially obtained NBS, without prior 
purification, showed significant overlap with that of bromine (λmax 
= 395 nm), indicating that low levels of bromine are responsible 
for the photochemical initiation of this benzylic bromination. The 
low Br-Br bond strength (190 kJ mol−1)[18] suggests that light with  
 
Figure 1. UV-visible absorption spectroscopy (300-750 nm) of the reaction 
components in the benzylic bromination of 4-methyl-3-
(trifluoromethyl)benzonitrile (1). 
a wavelength shorter than 630 nm is sufficiently energetic to 
promote homolysis. Accordingly, an LED which has a spectral 
output close to 395 nm should be most suitable in this reaction, 
leading to the use of visible light LEDs (λ > ~400 nm). Following 
on from these observations, it was realized that the quantity of 
bromine present in a sample of NBS can be determined in a 
straightforward manner using UV-visible absorption spectroscopy. 
Varying levels of bromine in NBS could impact the reaction rate 
and impurity profile, therefore an assay method to determine the 
bromine levels is desirable and, to our knowledge, has not been 
discussed in prior publications. Construction of an absorption 
calibration curve, using known concentrations of bromine, allowed 
the quantity of bromine in a commercial sample of NBS to be 
quantified as 3.1 mol%. This dropped to an undetectable level (< 
0.1 mol%) following recrystallization from water, indicating that 
the remaining trace bromine is sufficient to initiate the reaction. 
With this information in hand, investigation of reaction 
conditions was performed using high throughput screening (48-
well plates), under irradiation by pseudo-monochromatic LEDs 
(Table 1). Initial screening reactions at a range of substrate and 
NBS concentrations in acetonitrile gave promising results, with up 
to 78% monobrominated product formation in one hour (entries 1-
5). However, alongside the expected benzylic bromide product 2, 
an appreciable level of the corresponding dibrominated 
compound, 4-(dibromomethyl)-3-(trifluoromethyl)benzonitrile 3 
was observed, presumably due to the poor energetic 
differentiation between H-atom abstraction from the starting 
material 1 and the desired product 2.[19] Furthermore, this second 
bromination led to consumption of additional NBS, such that 
unreacted starting material 1 also remained. It is hypothesized 
that bromine formation from NBS is favoured under Brønsted 
acidic conditions,[20] allowing the concentration of bromine radical 
sufficient for reaction to be reached more quickly. The addition of 
acetic acid (entry 6 versus entry 8) enhanced the rate of reaction 
significantly, allowing near-complete conversion in just five 
minutes, while extending the reaction time to 60 min under these 
conditions offering no significant benefit (entry 7). Increasing the 
number of NBS equivalents to 1.5 (entry 8 versus entry 9) showed 
similar reaction composition at five minutes but also 
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overbromination to by-product 3 over time (entry 9 versus entry 
10). Investigation of acetic acid loading (entries 11 to 14) indicated 
that either increasing or decreasing the quantity of acetic acid 
from a 1:1 ratio with MeCN causes deviation from the optimal yield 
of product 2. When varying the wavelength of the light source (405 
nm in entries 1-14, 420 nm in entry 15, and 450 nm in entry 16), 
a similar final reaction composition was observed. However, upon 
more detailed examination, the 405 nm light source was found to 
mediate the transformation at a faster rate, so its use was 
continued throughout the remainder of this investigation.[21] 
Additional control reactions were performed, which 
confirmed that no reaction occurred in the absence of light, or in 
the presence of a radical inhibitor species.[22] Importantly, it was 
also observed that continual irradiation of the reaction mixture 
was required, as no further reaction was observed following 
removal of the light source, prior to reaction completion. This 
implies that radical chain propagation processes alone are not 
sufficient to sustain the reaction, and continued energy input from 
an external source is necessary. 
Further understanding of the course of reaction was sought 
through more in-depth reaction profiling. This was used to 
compare the rate of starting material 1 consumption (Figure 2a), 
alongside formation of product 2 and by-product 3, under 
irradiation at different light intensities. These varied intensities 
were accessed using tunable 405 nm LEDs, whose input power 
was found to have a linear relationship with output intensity, as 
measured in lux (Figure 2b). As light intensity was decreased, a 
more pronounced initiation period was observed prior to reaction 
progression. This was most notable in the reaction run using 30 
mA current (giving the lowest possible output power), which 
appeared to have an initiation period of approximately 2 minutes. 
Initiation periods have been studied previously in halogenation 
reactions which use a radical initiator [23] but, to our knowledge, 
never within the photochemically-initiated variant. Substantially 
shorter initiation periods were exhibited at higher light intensities, 
until no significant rate difference was observed, between 200 mA, 
300 mA and 400 mA currents [24]. This implies that the reaction 
mixture is light-saturated at these higher light intensities, and the 
reaction is therefore operating within an entirely reagent-limited 
 
Table 1. Reaction optimization: varying concentration, NBS loading and solvent composition.[a] 
Entry Solvent Time (min) Conc. (M) NBS loading (eq.) Remaining 1 (%)[b] 2 (%)[b] 3 (%)[b] 
1 MeCN 60 0.1 1.05 12 66 1 
2 MeCN 60 0.2 1.05 14 70 2 
3 MeCN 60 0.3 1.05 11 74 2 
4 MeCN 60 0.4 1.05 13 74 3 
5 MeCN 60 0.5 1.05 9 78 4 
6 MeCN 5 0.3 1.05 80 17 0 
7 MeCN/AcOH (1:1) 60 0.3 1.05 5 78 5 
8 MeCN/AcOH (1:1) 5 0.3 1.05 12 77 4 
9 MeCN/AcOH (1:1) 5 0.3 1.5 7 80 7 
10 MeCN/AcOH (1:1) 60 0.3 1.5 0 54 29 
11 MeCN/AcOH (1:1) 5 0.1 1.5 5 75 5 
12 MeCN/AcOH (99:1) 5 0.1 1.5 81 17 0 
13 MeCN/AcOH (8:2) 5 0.1 1.5 42 52 1 
14 AcOH 5 0.1 1.5 2 70 19 
15[c] MeCN/AcOH (1:1) 5 0.1 1.5 5 79 8 
16[d] MeCN/AcOH (1:1) 5 0.1 1.5 9 76 4 
[a] Light source was set to 200 mA current. [b] Quoted yields are HPLC %area. [c] Reaction performed using 420 nm LEDs set to 200 mA current. [d] Reaction 
performed using 450 nm LEDs set to 200 mA current. 
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kinetic regime. This can be explained by the relatively low 
concentration of bromine present in these reactions, which allows 
substantially higher light transmission than in many other 
photochemical reactions. 200 mA current was chosen for all 
further reactions, based on this observation. 
 The influence of bromine content on the length of initiation 
period was demonstrated by comparison of time courses between 
recrystallized and commercial NBS (Figure 3). Upon exclusion of 
bromine, a more distinct initiation period was observed, with a 
peak quantity of product 2 observed after 5.5 minutes, compared 
to 4.5 minutes. However, both reactions displayed the same 
reaction composition at peak conversion, with 3-5% remaining 
starting material 1, 77-78% desired product 2 and 8% of the 
unwanted overbrominated by-product 3. Since the commercial 
NBS reached peak conversion slightly faster, it was used in all 
other reactions. 
The optimal reaction conditions (using 405 nm LEDs, at 200 
mA current (40% of the maximum light intensity)) were applied to 
the reaction in flow, where the residence time was optimized to 
achieve maximum conversion to monobrominated product 2, 
whilst minimizing the time allowed for formation of dibrominated 
by-product 3. From the 5 minute reaction time required in batch 
(Table 1, entry 9), the optimal residence time was decreased to 
2.5 minutes (Figure 4a), due to the improved light penetration and 
mixing achieved when using a highly turbulent microreactor (4.09 
mL volume) in flow.[25-26] Upon reducing the number of NBS 
equivalents to 1.05, a longer residence time of 5 minutes (Figure  
 
4b) was required to maintain an excellent yield of the desired 
product 2. Under these conditions, one gram of material was 
processed, with a consistent reaction profile over the 20 minute 
run duration, leading to a 69% 
 
 
 
 
 
Figure 4. Product distribution of benzylic bromination of 1 in flow, using different 
residence times, to determine the optimal flow rate. λ = 405 nm, current = 200 
mA. a) Flow rate optimization using 1.5 eq. NBS, displaying an optimal product 
2 yield at 2.5 minute residence time. b) Flow rate optimization using 1.05 eq. 
NBS, displaying an optimal product 2 yield at 5 minute residence time. 
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Figure 3. Comparative reaction profile of two NBS samples, containing 
different levels of bromine, as determined by UV-visible absorption 
spectroscopy.[27] 
b) 
Figure 2. a) The effect of light intensity upon rate of reaction showing starting 
material consumption over time, for the benzylic bromination of 1 at different 
light intensities. b) Calibration of luminous flux with changing current. 
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Table 2. Substrate scope examined under flow conditions. λ = 405 nm, 200 mA current. 1 mmol of substrate was processed. 
[a] Conversion based on percentage of starting material consumed by HPLC %area. [b] Yield of the desired product, as determined by HPLC %area. [c] Isolated 
yield of the desired product is shown in parentheses. 
isolated yield of the monobrominated product 2. 
The procedure was then applied to the benzylic bromination 
of a range of electron-deficient aromatic and heteroaromatic 
compounds (Table 2). NBS equivalents and residence times for 
each substrate were selected based on an initial substrate screen, 
[28] and no further optimization was performed. In flow all 
substrates underwent facile conversion to their corresponding 
benzylic bromides within very short residence times. The 
presence of a boronic ester (entry 1) was well tolerated, providing 
the desired product 4 in a residence time of just 2 minutes. 
Selective formation of product 5 was achieved (entry 2), and no 
α-bromination of the ketone was observed. This has been known 
to occur in the presence of elemental bromine under acidic 
conditions.[29] A heavily functionalized pyrimidine core was 
brominated on its ethyl group (entry 3) in just 1.36 minutes, 
whereas two other heterocyclic cores (entries 4 and 5) required 
extended residence times (18 and 9 minutes, respectively) and a 
higher NBS loading, in order to achieve good conversion. Ester-
containing aromatics (entries 6 and 7) were brominated smoothly, 
yet those furnished with a nitro group (entries 8 and 9) required 
Entry Product Compound 
NBS loading 
(eq.) 
Residence time 
(min) 
Conversion 
(%)[a] 
Product yield 
(%)[b][c] 
1 
 
4 1.05 2.0 100 94 (80) 
2 
 
5 1.05 1.36 95 83 (53) 
3 
 
6 1.05 1.36 97 87 (35) 
4 
 
7 1.5 18 82 57 (43) 
5 
 
8 1.5 9 87 69 (49) 
6 
 
9 1.05 1.36 98 91 (89) 
7 
 
10 1.05 1.36 94 85 (30) 
8 
 
11 1.5 4.54 96 74 (53) 
9 
 
12 1.5 1.36 91 80 (47) 
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an increased NBS loading. Notably, excellent temperature control 
was maintained throughout these reactions, typically keeping the 
flow plate temperature below 30 °C, with the exception of the 
examples using slower flow rates (entry 4 reached a maximum 
temperature of 60 °C and entry 5 reached 40 °C).[30] It is possible 
that in these examples, the higher temperature may have resulted 
in poorer selectivity for the desired monobrominated products. 
   
The flow protocol was examined on a larger scale, by 
running the reaction continuously for 5.5 hours (Figure 5a). Due 
to the fast reaction rates of the protocol, this elongated run 
encompassed 243 residence times, within which 46.6 g of starting 
material was processed. The reaction composition (Figure 5b) 
was monitored throughout, displaying a steady profile after the 
initial equilibration period. During this period the reaction 
temperature was also measured at the reactor entrance and exit, 
and within the reactor itself, in order to accurately illustrate the 
temperature profile (Figure 5c).[31] The reactor temperature (T3) 
was found to reach steady state between 40-42 °C, and 
maintained this throughout the run. This larger scale reaction 
demonstrates the industrial applicability of the developed 
procedure, by exemplifying consistent reaction profile and 
temperature control within a continuous flow process. The desired 
product 10 was then isolated via an unoptimized recrystallization 
in 40% yield (27.5 g), comparable to the smaller scale reaction 
(Table 2, entry 7). It was subsequently found that 10 could be 
generated in a solution yield of 58% at 400 mA current, using a 
significantly shorter 0.20 minute residence time. This compares 
favourably with the 57% solution yield achieved using 200 mA 
current with a 1.36 minute residence time, as throughput is 
increased 6-fold.[32] 
Finally, our optimization methodology was applied to 15 
(Table 2, entry 6) to identify the optimal intensity and flow rate for 
the generation of 9 in higher throughput. Different light intensities 
and flow rates were screened (Figure 6b). It was found that 350 
mA current allowed a flow rate of 10 mL/min (0.41 minute 
residence time). These conditions were advantageous when 
compared to those from the original optimization (200 mA current, 
3 mL/min flow rate 1.36 minute residence time), and thus were 
used to process 30 g of 15. An additional 5 g of 15 were processed 
using the lower light intensity and longer residence time. The 
reaction profiles for both sets of conditions were similar by 
HPLC[33] and isolated yields of 62% (25 g, with mother liquors 
containing a further 2.5% (1.07 g)) and 71% (4.8 g, with mother 
liquors containing a further 18% (1.22 g)) were achieved 
respectively, via an unoptimized recrystallization. These yields 
are consistent with the solution yields realized in Figure 6b. 
Conclusions 
Our studies have shown that pseudo-monochromatic visible 
light LEDs provide effective irradiation for the photochemical 
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Figure 6. a) Reaction scheme for the large scale bromination of ester 15, to 
form its benzylic bromide 9. b) Chart showing the solution yield of reaction at 
different flow rates and light intensities. 
Figure 5. a) Reaction scheme for the large scale bromination of ester 13, to 
form its benzylic bromide, 10. b) Chart showing the reaction profile throughout 
the 5.5 hour operating time. Reaction yields are measured by HPLC, 
using %Area values. c) Reaction temperature profile throughout the 5.5 hour 
operating time. T1 = input temperature, T2 = output temperature, T3 = reactor 
temperature. 0
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Wohl-Ziegler benzylic bromination using NBS. By using a platform 
capable of varying light intensity, it has been possible to develop 
a protocol that uses only a fraction of the maximum LED power, 
thereby developing our understanding of power and cooling 
requirements, when scaling photochemical processes from the 
lab to an industrial platform.  
Scaling up of this process was demonstrated from 
screening through to running the reaction continuously for 5.5 
hours in flow with the same pseudo-monochromatic light source. 
Consequently, reliable temperature control has been achieved in 
flow, for a reproducible reaction, with minimal energy wastage. 
We have also applied this methodology to a range of other 
substrates, where excellent conversions were achieved with a 
residence time of less than 2 minutes in many cases.  
We have demonstrated how our strategy of optimizing the 
light source to suit the required chemical transformation can be 
applied. In doing so we have developed generic conditions for the 
exemplar substrate that can be applied to other substrates and 
methodology that can be applied to further optimize each 
substrates, either for quality or throughput. We anticipate that an 
improved emphasis on the nature and power of light source used, 
particularly by synthetic organic chemists, will allow development 
of more efficient and selective photochemical processes which 
are directly transferrable to industry. 
 
Experimental Section 
Detailed experimental procedures for all experiments, and characterization 
data for all products are available in the supporting information. 
General batch protocol: 1 mL of a 0.1 M solution containing 4-methyl-3-
(trifluoromethyl)benzonitrile (1 eq.) and N-bromosuccinimide (1.5 eq.) in 
1:1 MeCN:AcOH was charged to 48 × 2 mL vials and each inserted into a 
48-well plate on the photoreactor. The vials were irradiated at a chosen 
wavelength and light intensity, for the desired length of time. Time course 
experiments were performed by removing a reaction vial every 30 seconds, 
for HPLC analysis. 
General flow protocol: A 0.3 M solution of bromination substrate and N-
bromosuccinimide (1.05 - 1.5 eq.) in 1:1 MeCN:AcOH was irradiated with 
an array of 48 × LEDs (405 nm wavelength, set to 200 mA input current), 
whilst being passed through a glass plate flow reactor at an optimized flow 
rate. After the required volume of reaction mixture had entered the reactor, 
the reaction mixture was collected for a time equivalent to four reactor 
volumes. The desired product was isolated as specified in each individual 
example. 
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